Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths. Peptide V3 has shown anti-angiogenic and anti-tumor effects on S180 and H22 xenografts in nude mice. However, the detailed mechanism of action of peptide V3 has not yet been fully elucidated. In the present study, the effects of peptide V3 on the growth of human HCC cells were examined both in vitro and in vivo. Our results showed that peptide V3 inhibited the proliferation, viability, migration, and invasion of human HCC cells. However, no obvious effect was observed in HL-7702 cells. Peptide V3 increased the apoptosis and decreased the protein levels of H-RAS, phospho (p)-RAF, p-MEK, and p-extracellular signal-regulated protein kinase (ERK) in human HCC cells. Peptide V3 suppressed the growth of human HCC xenografts by down-regulating angiogenesis and up-regulating apoptosis. In conclusion, peptide V3 could inhibit the growth of human HCC by inhibiting the Ras/Raf/MEK/ERK signaling pathway. Novel peptides and modification strategies could be designed and applied for the treatment of different types of cancer.
Introduction
Hepatocellular carcinoma (HCC) is now considered one of the leading causes of cancer-related deaths in the world [1] [2] [3] . The high mortality rate could reflect the poor prognosis for patients with advanced-stage HCC, the pattern of clinical presentation, and the poor outcome associated with cirrhosis [4] . The high rate of recurrence and heterogeneity are the two major features of HCC [5] . Surgical procedures such as liver transplantation and liver resection are the first-line treatments for HCC [6, 7] . Even after surgical procedures, the overall 5-year survival rate of HCC patients remains very poor because of high recurrence rates [7] . These findings create an immediate demand to better understand the molecular defects responsible for HCC in order to identify novel potential biomarkers and characterize candidate-signaling pathways that can be further used for therapeutic intervention [8] .
Angiogenesis, the sprouting of new blood vessels from the pre-existing vasculature, plays a crucial role in the development of solid tumors, which could provide necessary oxygen and nutrients and carry away metabolic wastes [9] [10] [11] . It has been shown that many growth factors are involved in
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International Publisher tumor angiogenesis, such as vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and angiogenin (Ang) [12] [13] [14] . Recently, a number of peptides with anti-tumor effects have been identified and developed [11] . ATWLPPR (V1), a heptapeptide identified from a mutated phage library, possesses anti-angiogenic properties via its binding to neuropilin-1 (NRP-1) and selectively inhibiting VEGF165 binding to NRP-1, which could inhibit tumor growth and angiogenesis [15] [16] [17] . NLLMAAS (V2), another heptapeptide selected from a phagedisplayed peptide library, could inhibit the binding of Ang-1 and Ang-2 to immobilized Tie-2 [18] . In our previous study, we have connected two peptides, V1 and V2, which can respectively block the VEGF/ VEGFR-2 and Ang/Tie-2 signal pathway, via a flexible linker, Ala-Ala, to reconstruct a novel peptide, ATWLPPRAANLLMAAS (V3). The anti-angiogenic and anti-tumor effects of peptide V3 are significantly higher than those of peptides V1 and V2 on S180 and H22 xenografts in nude mice [19] . However, whether peptide V3 could inhibit the growth of human HCC cells needs to be further investigated.
In the present study, we detected the effect and mechanism of peptide V3 on the proliferation, migration, and invasion of human HCC cells in vitro. We further examined the effects of peptide V3 on tumor growth and angiogenesis in nude mice bearing human HCC xenografts.
Materials and Methods

Cell culture
Normal human liver cell line HL-7702 and human HCC cell lines SMMC-7721 and Huh-7 were purchased from Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (IBCB, CAS, Shanghai, China) and cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin. Cells were grown in an incubator with a humidified atmosphere of 95% air and 5% CO2 at 37˚C. Confluent cells were transferred to serum-free DMEM medium for overnight starvation before each experiment. The cells were divided into five groups: group 1 with phosphate-buffered saline (PBS), group 2 with peptide V1 (200 µM), group 3 with peptide V2 (200 µM), group 4 with peptide V1+V2 (200 µM), and group 5 with peptide V3 (200 µM). After 24 h of treatment, the cells were then used for subsequent experiments.
Cell growth assay
The 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay was performed using the Cell-Light EdU Apollo 567 In Vitro Imaging Kit (RiboBio, Guangzhou, Guangdong, China) according to the manufacturer's protocols. Cell proliferation rate = (EdU-positive cells)/(total number of cells) ×100% [20] . The cell viability was detected using the CellTiter 96 AQueous One Solution Cell Proliferation Assay kit (MTS; Promega, Madison, WI, USA) according to the manufacturer's instructions. The cell viability was expressed as a percentage relative to the untreated control cells.
Colony formation assay
Cells (8×10 2 per well) were seeded in 6-well plates and cultivated in culture medium at 37°C for a week. Colonies were washed with PBS for three times before subjected to cell fixation using methanol (1 ml) at room temperature for 15 min. Crystal violet was added into each well and incubated for 30 min at room temperature. Plates were gently washed with water and air-dried at room temperature. Then, the 6-well plate was scanned for colony counting and analysis.
Wound healing assay
Confluent cells were scratched using a sterile micropipette tip and washed twice with PBS. The migration distance was photographed under an Olympus CKX41 microscope (Olympus, Tokyo, Japan) and measured using Image J software (National Institute for Health, Bethesda, MD, USA). The migration rate (MR) was calculated as MR (%) = [(A -B)/A] × 100, where A is the width at 0 h, and B is the width at 24 h [20] .
Soft agar assay
Cells were suspended in 0.6% agarose and medium supplemented with 10% FBS, and the mixture was seeded in 6-well plates containing a basal layer of 1.2% agarose at 1×10 4 cells/well. The medium was replaced every three days. After two weeks of routine culture, colonies were photographed under an Olympus CKX41 microscope. For each well, viable colonies larger than 0.1 mm in diameter were counted.
Migration and invasion assays
For migration and invasion assays, 1 × 10 5 cells were seeded into the upper chamber in serum-free DMEM medium uncoated or coated with Matrigel (BD Biosciences, San Jose, CA, USA). In the lower chamber, 500 µl corresponding medium containing 10% FBS was added. After 24 h of incubation, the cells were scrubbed with a cotton tip swab, while cells on the bottom surface of the membrane were fixed with 4% paraformaldehyde at 37°C for 20 min and stained with 0.1% crystal violet at 37°C for 10 min. The cell number was counted with a Zeiss Axioskop 2 plus microscope (Carl Zeiss, Thornwood, NY, USA).
TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay TUNEL staining was performed using an In Situ Cell Death Detection Kit (Beyotime Biotechnology, Shanghai, China) according to the manufacturer's protocols. Cells were observed under a fluorescent microscope (Eclipse Ti, Nikon, Melville, NY, USA). The percentage of TUNEL-positive cells was calculated using the formula: Apoptotic index = (TUNEL-positive cells)/(total number of cells) ×100% [21] .
Western blotting
Total protein was extracted from SMMC-7721 and Huh-7 cells. Western blotting was performed to detect the expression levels of target proteins. The primary antibodies, including anti-H-RAS, anti-RAF, anti-phospho (p)-c-Raf (Ser259), anti-MEK1/2, antip-MEK1/2 (Ser217/221), anti-extracellular signalregulated protein kinase 1/2 (ERK1/2), and anti-p-ERK1/2 (Thr202/Tyr204) antibodies were purchased from Cell Signaling Technology (CST, Danvers, MA, USA). Anti-B-cell lymphoma-2 (Bcl-2), anti-Bcl-2-associated X protein (Bax), anti-B-cell lymphomaextra large (Bcl-xl), anti-Bcl-xl/Bcl-2-associated death promoter (Bad), anti-cleaved caspase-3, anti-cleaved caspase-8, anti-cleaved caspase-9, anti-cleaved poly adenosine diphosphate-ribose polymerase (PARP), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies were purchased from ProteinTech (Chicago, IL, USA). The horseradish peroxidase-conjugated secondary antibody was purchased from CST. The results were normalized to the level of GAPDH. The reaction was visualized using an enhanced chemiluminescence system (Thermo Fisher Scientific, Rockford, IL, USA). The bands were semi-quantified with Image J software.
Animal study
Animal experiments were approved by the Committee of Medical Ethics and Welfare for Experimental Animals of Henan University School of Medicine (HUSOM-2015-008) in compliance with the Experimental Animal Regulations formulated by the National Science and Technology Commission, China. Animal studies were conducted as previously described with slight modifications [22] . Sixty BALB/C nude mice (4-week-old, male, n = 6 per group) were purchased from Beijing HFK Bioscience Co., Ltd. or Huh-7 cells were randomly divided into 5 groups, respectively. Peptides (dissolved in normal saline) were administrated subcutaneously (near the implanted tumor) for four weeks (0.1 ml/10 g): group 1 with normal saline (control), group 2 with peptide V1 (200 µg/kg/day), group 3 with peptide V2 (200 µg/kg/day), group 4 with peptide V1 + V2 (200 µg/kg/day), and group 5 with peptide V3 (200 µg/kg/day). Tumor volumes and body weighs were measured daily during the experiment. The tumor volumes were calculated as volume = L × W 2 /2, where L is the longest dimension parallel to the skin surface and W is the dimension perpendicular to L and parallel to the surface [23] . The tumor volume doubling time (TVDT) was calculated according to the formula: TVDT= (T -T0) × log2/log(V2/V1), where (T -T 0 ) represents the time interval and V2 and V1 indicate the volumes of tumor at the two measurement times [24] . At the end of the experiment, mice were sacrificed and tumors were excised and weighted to measure the inhibition rate (IR). The IR of tumor growth was calculated as IR (%) = [(A -B)/A] × 100, where A is the average tumor weight of the control group, and B is that of the treatment group [19] .
Hematoxylin and eosin (HE) staining
After sacrifice, a necropsy examination was immediately performed. Tumor samples were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 μm thickness, and processed according to the HE staining protocols. Tumor tissues were observed using a Zeiss Axioskop 2 plus microscope.
Immunohistochemistry (IHC) and evaluation
Tumor tissues were stained with anti-Ki67 antibody (CST, Danvers, MA, USA), followed by incubation with the secondary antibody. Ki67-positive tumor cells were photographed using a Zeiss Axioskop 2 plus microscope. The proliferation index (PI) was calculated by the number of Ki67 positive cells among the total number of resting cells [25] . Cluster of differentiation 31 (CD31) is an ideal biomarker for vascular endothelial cells, and the immunostaining density is represented by the tumor microvessel density (MVD) [26] . Tumor tissues were stained by IHC using CD31 antibody (CST, Danvers, MA, USA) to determine the tumor MVD. Stained vessels with a clearly defined lumen or well-defined linear vessel shape were photographed and counted [22] . In addition, tumor tissues were stained with cleaved-caspase-3 antibody (ProteinTech, Chicago, IL, USA) to detect the apoptotic index of human HCC xenograft tumors. Apoptotic index was calculated as cleaved caspase 3 positive cells/total cells [27] .
Statistical analysis
Data are presented as means ± standard error of the mean (SEM). The differences between multiple groups were analyzed by one-way analysis of variance using SPSS 17.0 software, followed by Tukey's test. A P value of less than 0.05 was considered to be statistically significant.
Results
Peptide V3 attenuates the growth, migration, and invasion of human HCC cells
As shown in Figure 1A -C, the proliferation and viability of SMMC-7721 and Huh-7 cells in V1+V2 group were decreased compared with V1 and V2 group. Furthermore, the proliferation and viability of human HCC cells in V3 group were remarkably lower than those in V1, V2, and V1+V2 group. However, there was no obvious change between each group in HL-7702 cells. In the scratch migration assay, the migration capabilities of human HCC cells were inhibited in V1+V2 group compared with those observed in V1 and V2 group. Peptide V3 showed more potent inhibitory effects on the migration capabilities of human HCC cells than those in V1, V2, and V1+V2 group (Figure 2A and C) . In addition, peptide V3 dose-dependently inhibited the migration capabilities of human HCC cells, whereas no obvious effect was observed in HL-7702 cells (Figure 2B and  D) .
In the colony formation assay, compared with V1 and V2 group, the number of colonies was lower in V1+V2 group. Peptide V3 exhibited more potent inhibitory effects on the colony formation capabilities of human HCC cells than those in V1, V2, and V1+V2 group ( Figure 3A and B) . In addition, a similar trend was observed in the soft agar assay (Figure 3C and D) . Transwell analysis showed that the migration and invasion capacities of human HCC cells were decreased in V1+V2 group when compared with V1 and V2 group. Peptide V3 showed more potent inhibitory effects on the migration and invasion capacities of human HCC cells than peptides V1, V2, and V1+V2 ( Figure 3E-H) . These results together suggest that peptide V3 could significantly inhibit the growth, migration, and invasion of human HCC cells.
Peptide V3 increases apoptosis of human HCC cells
As shown in Figure 4A and B, the apoptotic index increased in V1+V2 group compared with V1 and V2 group. The apoptotic index in V3 group was higher than that in V1, V2, and V1+V2 group. The protein levels of cleaved caspase-3, 8, 9, and cleaved PARP in human HCC cells showed similar trends (Figure 4C-E) . The ratio between Bad and Bcl-xl and the ratio between Bax and Bcl-2 are important factors in the regulation of apoptosis. Increased Bax/Bcl-2 and Bad/Bcl-xl ratios are common phenomena in mitochondrial-mediated apoptosis in mammalian cells [28, 29] . The Bax/Bcl-2 and Bad/Bcl-xl ratios were increased in V1+V2 group compared with V1 and V2 group. In addition, the Bax/Bcl-2 and Bad/Bcl-xl ratios in V3 group were higher than those in V1, V2, and V1+V2 group ( Figure 5 ). These results indicate that peptide V3 could induce mitochondrialmediated apoptosis in human HCC cells.
Peptide V3 represses the Ras/Raf/MEK/ERK pathway in human HCC cells
The Ras/Raf/MEK/ERK cascade is an important intracellular signaling pathway that regulates different types of cellular functions including survival, proliferation, apoptosis, differentiation, motility, and metabolism [30, 31] . Deregulation of the RAS/ RAF/MEK/ERK signaling cascade has been considered a hallmark for driving tumorigenesis in different types of human cancers [32, 33] . As shown in Figure 6 , the protein levels of H-RAS, p-RAF, p-MEK, and p-ERK were decreased in V1+V2 group compared with V1 and V2 group. Furthermore, the expression levels of these proteins in V3 group were lower than those in V1, V2, and V1+V2 group. The results show that peptide V3 could suppress the RAS/RAF/ MEK/ERK signaling pathway in human HCC cells.
Peptide V3 inhibits the growth and angiogenesis and increases apoptosis of human HCC xenograft tumors in nude mice
SMMC-7721 and Huh-7 cells have been widely applied to establish mouse tumor models in cancer research [22, 34, 35] . We therefore investigated the effect of peptide V3 on HCC xenograft growth in BALB/c nude mice. Compared with V1 group, V3 group reduced the tumor volume and increased the tumor doubling time in SMMC-7721 cells. The tumor volume was reduced and the tumor doubling time was increased in V3 group when compared with V1, V2, and V1+V2 group in Huh-7 cells (Figure 7A and B). Compared with V1 and V2 group, the tumor weight was decreased and the tumor inhibitory rate was increased in V1+V2 group. In V3 group, the tumor weight was lower and the tumor inhibitory rate was higher than those in V1, V2, and V1+V2 group ( Figure 7C and D) . As shown in Figure 7E , no obvious change was observed in the body weight among each group. However, the body weight change in V1+V2 group was significantly lower than that in the control group ( Figure 7F ), suggesting that there was a slight toxicity in V1+V2 group. [20] . (C) The percentages of viable cells were determined using MTS assay and the cell viability of the control group was taken as 100%. Data are presented as mean ± SEM of three independent experiments; *P < 0.05, **P < 0.01 compared with the control group; △△ P < 0.01 compared with V1 group; ▲▲ P < 0.01 compared with V2 group; # P < 0.05, ## P < 0.01 compared with V1+V2 group. [20] . Data are presented as mean ± SEM of three independent experiments; *P < 0.05, **P < 0.01 compared with the control group; △△ P < 0.01 compared with V1 group; ▲▲ P < 0.01 compared with V2 group; ## P < 0.01 compared with V1+V2 group. (D, E) The densitometry analysis of each factor was performed in SMMC-7721 and Huh-7 cells, normalized to the corresponding GAPDH level. Data are presented as mean ± SEM of three independent experiments; *P < 0.05, **P < 0.01 compared with the control group; △△ P < 0.01 compared with V1 group; ▲▲ P < 0.01 compared with V2 group; # P < 0.05, ## P < 0.01 compared with V1+V2 group. . (B, C) The densitometry analysis of each factor was performed, normalized to the corresponding GAPDH level. The expression ratios of Bax/Bcl-2 and Bad/Bcl-xL were quantified. Data are presented as mean ± SEM of three independent experiments; *P < 0.05, **P < 0.01 compared with the control group; △ P < 0.05, △△ P < 0.01 compared with V1 group; ▲▲ P < 0.01 compared with V2 group; # P < 0.05, ## P < 0.01 compared with V1+V2 group. . (B, C) The intensities of the bands were quantified by densitometry analyses and normalized by the amount of GAPDH, RAF, MEK1/2, and ERK1/2, respectively. Data are presented as mean ± SEM of three independent experiments; *P < 0.05, **P < 0.01 compared with the control group; △ P < 0.05, △△ P < 0.01 compared with V1 group; ▲ P < 0.05, ▲▲ P < 0.01 compared with V2 group; # P < 0.05, ## P < 0.01 compared with V1+V2 group.
IHC with the Ki67 antibody confirmed that the in vivo proliferation of human HCC cells was inhibited in V1+V2 group compared with V1 and V2 group. The proliferation index was lower in V3 group than those in V1, V2, and V1+V2 group. The protein expression of CD31 in human HCC xenograft tumors exhibited a similar trend. However, the apoptotic index was increased in V1+V2 group compared with V1 and V2 group. In addition, the apoptotic index in V3 group was higher than that in V1, V2, and V1+V2 group (Figure 8) . These results together indicate that peptide V3 could effectively inhibit the growth and angiogenesis and increase apoptosis of human HCC xenograft tumors.
Discussion
Our previous study showed that the anti-angiogenic and anti-tumor effects of peptide V3 were significantly higher than those of peptides V1 and V2 on both S180 and H22 xenografts in nude mice, however the mechanism of action of peptide V3 has not been fully elucidated [19] . HCC is one of the leading causes of cancer-related deaths in the world [1] [2] [3] . The human HCC cells lines SMMC-7721 and Huh-7 cells have been widely implicated in establishing tumor-bearing animal models [22, 34, 35] . In the present study, SMMC-7721 and Huh-7 cells were used to evaluate the effects of peptide V3 both in vitro and in vivo. The results demonstrated that peptide V3 showed more potent inhibitory effects than peptides V1 and V2 on decreasing the proliferation and viability, as well as inhibiting the migration and invasion capabilities of human HCC cells. However, no obvious effect was observed in HL-7702 cells. These results suggest that peptide V3 could play an important role in attenuating the growth, migration, and invasion of human HCC cells.
Apoptosis, also known as programmed cell death, plays a critical role in the normal development and maintenance of tissue homeostasis in multicellular organisms [36] . There are two major apoptotic signaling pathways: an intrinsic pathway that occurs through the mitochondria and an extrinsic pathway initiated by death receptors [11] . The proteins of the Bcl-2 family are important regulators of apoptosis in mammals, such as Bax, Bcl-2, Bad, and Bcl-xl [37] . Caspases can be activated in response to a variety of apoptotic stimuli and active caspase-3 could inactivate PARP, thus leading to the occurrence of apoptotic cascade [38] . Bovine lactoferricin, a cationic antimicrobial peptide, has potent anticancer activity by inducing apoptosis in many human cancer cells [39, 40] . Similarly, our results showed that peptide V3 remarkably increased the apoptotic index, protein expressions of cleaved caspase-3, 8, 9, cleaved PARP, as well as Bax/Bcl-2 and Bad/Bcl-xl ratios, suggesting the activation of mitochondria-mediated pathway. In sum, these results demonstrate that peptide V3 could induce mitochondrial-mediated apoptosis in human HCC cells. [19] . (E, F) The body weight change curve of each group during the experiment and the body weight of each group on the first day (day 0) and the last day (day 28). Values are presented as mean ± SEM (n = 6); *P < 0.05, **P < 0.01 compared with the control group; △ P < 0.05, △△ P < 0.01 compared with V1 group; [25] . Stained vessels with a clearly defined lumen or well-defined linear vessel shape were photographed and counted [22] . Apoptotic index was calculated as cleaved caspase 3 positive cells/total cells [27] . Values are presented as mean ± SEM (n = 6); **P < 0.01 compared with the control group; △△ P < 0.01 compared with V1 group;
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The binding of different growth factors such as VEGF and Ang to their receptors could induce the activation of RAS which in turn activates RAF, MEK, and ERK [41, 42] . The activated ERK translocates into the nucleus and activates transcription factors to promote a number of cellular outcomes [30, 31] . It has been shown that the RAS/RAF/MEK/ERK pathway is in an activated status in the majority of advanced HCC cases [43] . Therefore, the inhibition of this signaling pathway may effectively suppress the growth of HCC, which has been evidenced by many recent studies [44] [45] [46] . Our results demonstrated that peptide V3 significantly decreased the protein levels of H-RAS, p-RAF, p-MEK, and p-ERK in human HCC cells, indicating that peptide V3 could inhibit the proliferation, migration, and invasion of human HCC cells by inhibiting the Ras/Raf/MEK/ERK signaling pathway.
A number of studies indicate that SMMC-7721 and Huh-7 cells have been widely adopted to establish subcutaneous xenograft models [22, 34, 35] . We therefore examined the effect of peptide V3 on the growth of human HCC xenograft tumors in BALB/c nude mice. Compared with V1, V2, and V1+V2 group, peptide V3 showed more potent inhibitory effect on the growth of human HCC xenograft tumors, which was in line with our previous findings [19] . It should be noted that the body weight change in V1+V2 group was significantly lower than that in the control group, suggesting that there was a slight toxicity in V1+V2 group. The phenomenon can be attributed to the multidrug-induced high associated toxicity [47] . Ki67, a nuclear non-histone protein, is a key proliferative marker and has been widely used in detecting the proliferation of malignant cells [25, 48] . The results showed that the proliferation index in V3 group was lower than those in V1, V2, and V1+V2 group. CD31 has been considered an ideal biomarker for vascular endothelial cells and its density is represented by the tumor MVD [26, 49] . The protein expression of CD31 in each group exhibited a similar trend. However, the apoptotic index in V3 group was higher than that in V1, V2, and V1+V2 group. Taken together, these results indicate that peptide V3 could effectively inhibit the growth of human HCC xenograft tumors by suppressing angiogenesis and up-regulating apoptosis.
In conclusion, peptide V3 could inhibit the growth of human HCC by inhibiting the Ras/Raf/ MEK/ERK signaling pathway. Novel peptides and modification strategies could be designed and applied for the treatment of different types of cancer.
